Introduction
The objectives of the inhalation studies with methyl isocyanate (MIC) were to investigate the possible causes of death resulting from overexposure to this chemical. The first hypothesis was that exposure to MIC caused a massive inhibition of cholinesterase (ChE) activity. In vitro studies described by Brown et al. (1) with toluene diisocyanate and hexamethylene diisocyanate demonstrated an inhibition of plasma ChE activity. These studies suggested that toxic respiratory effects observed following exposure to these chemicals may be explained by ChE inhibition.
A second hypothesis was that death occurred as the result of carbamylation of hemoglobin (Hb). Carbamylation of sickled hemoglobin (Hb S) with cyanates or isocyanates inhibits erythrocyte sickling (2) . This inhibition is related to the carbamylation of the beta-chain of Hb S, which precludes the formation of electrostatic bonds that stabilize the deoxygenated conformation of *Bushy Run Research Center, Union Carbide Corporation, R.D. 4 , Mellon Road, Export, PA 15632. the hemoglobin molecule. It is the formation of these bonds that causes sickling under conditions of low oxygen tension when Hb S is present. Carbamylation stabilizes the oxygenated conformation of Hb S, thus increasing its affinity for oxygen. The increase in affinity is characterized by a leftward shift of the oxygen-dissociation curve and, in the case of Hb S, returns the oxygen affinity of Hb S to the normal range.
Exposure of erythrocytes to high concentrations of MIC may result in methylcarbamylation of the normal Hb molecule. The resulting increased oxygen affinity of normal Hb leads to decreased oxygen dissociation, and results in relative tissue hypoxia.
In order to test these hypotheses, a series of in vitro experiments were undertaken. Following the in vitro studies, experiments using intravenous injection of liquid MIC were performed to examine whether ChE inhibition and Hb alterations were observed when MIC comes into direct contact with blood in a physiological system. Finally, in vivo inhalation exposures were performed to investigate the pathogenesis of mortality resulting from overexposure to MIC vapor.
Methods

In Vitro Studies
Blood samples were collected from human volunteers by venipuncture into vacutainers (Becton-Dickenson, Co., Rutherford, NJ) containing sodium heparin. Three to five milliliters of heparinized whole blood was centrifuged for 10 min at 2500 rpm and separated into plasma and packed erythrocytes. The erythrocytes were washed twice in an equal volume of physiologic saline, centrifuged for 10 min at 2500 rpm, and decanted. Approximately 1 mL of the washed erythrocytes was placed into a 30-mL Pyrex beaker containing a stirrer. The beakers were stored on ice approximately 30 min, until exposure.
Samples were exposed to statically generated MIC vapor in an inhalation chamber described by Dodd et al. (3) . Control samples were exposed to air for 15 min; treated samples were exposed to target MIC concentrations of 100, 500, 1000, or 2000 ppm for 15 min. In the chamber, the beakers were placed on a Sybron Nuova 7 Stir Plate stirring at a speed setting of 2 (approximately 50 revolutions per min). Following exposure, samples were stored on ice until processed for either ChE assay or Hb electrophoresis.
Cholinesterase assays were performed on erythrocytes from heparinized blood samples using an AutoAnalyzer II C equipped with data handler (Technicon Instrument Corporation, Tarrytown, NY) using the method of Humiston and Wright (4).
Hemoglobin electrophoresis was done on citrated agar plates (Helena Laboratories, Beaumont, TX) to monitor qualitative changes in Hb molecules. Hemolysates of treated and control blood samples were prepared by adding one part of whole blood to 10 parts of hemolysate reagent containing 0.005M EDTA. Eight samples were run on each Titan® IV Citrate Agar Plate, and these were arranged so that two samples of Helena AFSC Hemo-Control were run on each plate. The use of the control material containing normal human hemoglobin (Hb A) with other human hemoglobins, fetal (Hb F), sickled (Hb S) and Hb C, provided markers for identification of treated samples with altered hemoglobin migrations. Samples were applied to the anodal end of the plate; 50V was applied to the plate for 45 min, after which the plate was stained using o-dianisidine and hydrogen peroxide (5, 6 Levels of the CK cardiac specific isozyme, CK-MB, were measured using a modified ion-exchange column chromatographic technique (8,9) for fraction separation followed by a quantitative assay of CK on the CentrifiChem Analyzer as described above. This CK-MB analysis provides a more definitive indication of myocardial damage contributing to CK increases.
Total leukocyte count, erythrocyte count, hemoglobin, hematocrit, and erythrocyte indices, and platelets were determine with EDTA anticoagulated blood using a Coulter Counter S-Plus IV (Counter Electronics, Inc., Hialeah, FL). Wright-stained blood smears for differ- calibrations was used to determine pH and partial pressures of carbon dioxide and oxygen.
Statistical Procedures
The results of the clinical pathology analyses were intercompared using Levene's test for homogeneity of variances (10) . An 
Results
Cholinesterase
The ChE results from the in vitro MIC vapor exposures of packed erythrocytes are shown in Table 1 . Human, rat, and guinea pig erythrocyte ChE activities were inhibited by MIC in a concentration-related manner. At 1000 ppm of MIC, a 43 to 78% inhibition of human erythrocyte ChE activity was observed as compared to a pre-exposure sample. At 1000 ppm, rat ChE activity was inhibited 37%, and guinea pig ChE activity was inhibited 54%. An 88 to 92% ChE inhibition was observed in rat and guinea pig erythrocytes exposed to 2000 ppm of MIC.
Rats and guinea pigs exposed to 1000 ppm of MIC vapor by inhalation and sacrificed immediately after exposure showed no significant inhibition of erythrocyte ChE activity. When rats or guinea pigs were injected with 0.02 mg/kg or 0.01 mg/kg of liquid MIC, respectively, and sacrificed 30 min later, no ChE inhibition was observed in comparison to the individual pre-exposure values.
Hematology
Washed erythrocytes from humans and guinea pigs exposed to MIC vapor showed a concentration-related qualitative alteration in the electrophoretic mobility of Hb on citrated agar (Fig. 1) . Hemoglobin from unexposed cells migrated as a single band, with a mobility similar to that of Hb A. A single migration band similar to that of Hb A was also observed in Hb from cells exposed to MIC concentrations below 1000 ppm. Hemoglobin from cells exposed to 1000 ppm of MIC showed two bands. The first of these bands had a mobility similar to Hb A; the second band showed a cathodic migration with mobility similar to Hb F. A single migration band with a mobility similar to Hb (0.01 mg/kg) and sacrificed 30 min later showed no alterations in the electrophoretic mobility of Hb. Rats and guinea pigs exposed to 1000 ppm of MIC by inhalation for 15 min and sacrificed immediately after exposure showed no alterations in the electrophoretic mobility of Hb. In rats exposed to 1000 ppm of MIC vapor for 15 min, a 2 to 24% increase in hemoglobin concentration and a 3 to 27% increase in hematocrit were observed over the five postexposure evaluation periods (Table 2 ). Increases in both parameters, though of lesser magnitude, were also observed in rats exposed to 600 ppm or 100 ppm over all evaluations periods. Guinea pigs exposed to 225 ppm showed increases of 10 to 15% in both the Hb concentration and hematocrit at 0, 1, and 2 hr postexposure; at 4 hr postexposure there was no significant change in either parameter (Table 3). In guinea pigs exposed to 125 ppm of MIC, hemoglobin concentration and hematocrit was increased approximately 25% at 16 hr (Table 3) . Neither parameter showed a statistically significant change in the earlier postexposure evaluations at this concentration.
A concentration-related and time-related reticulocytosis was observed in rats exposed to high concentrations of MIC vapor (Table 4 ). This change occurred with a concomitant increase in mean corpuscular volume (MCV) in rats exposed to 1000 ppm of MIC, indicating the presence ofa larger, immature cell population (Table  5 ). Guinea pigs exposed to MIC concentrations up to 225 ppm showed no increase in reticulocytes over the five postexposure evaluations.
Neutrophilia was observed in both rats and guinea pigs exposed to high concentrations of MIC vapor (1000 ppm and 225 ppm, respectively) at 1, 2, and 4 hr postexposure (Figs. 2 and 3) . By 16 hr (data not shown), neutrophil counts in both species had returned to normal ranges. At 1, 2, and 4 hr postexposure, neither species exposed to low and mid-levels of MIC consistently showed any concentration or time-related alterations in segmented neutrophils. None of the other hematologic parameters evaluated showed any significant concentration or time-related alterations. 
Chemistry
Increased CK was the most significant clinical chemistry alteration observed in rats and guinea pigs injected IV with MIC. The CK values showed marked individual animal variation in rats and guinea pigs sacrificed 30 min following injection with 0.01 or 0.02 mg/kg (Table  6) .
Increases in CK were also observed in both rats and guinea pigs exposed by inhalation to high concentrations of MIC vapor. When compared to a population of controls for each species, the actual percentage increase of CK in rats ranged from 30% to 300%; the increase in guinea pigs ranged from 100% to greater than 500% (Figs. 4 and 5) . These increases were not entirely due to increased levels of the cardiac specific isozyme, CK-MB, since no consistent increase in this isozyme was demonstrated using the ion-exchange chromatographic technique.
Other enzymes (LDH, AST, ALT, SDH) monitored in these studies did not show consistent increases ineither rats or guinea pigs exposed to the high concentrations of MIC, and therefore any observed increases were not considered treatment-related.
pH and Blood Gas
Immediately following the 15 min exposure to MIC and continuing throughout 16 hr, rats and guinea pigs exposed to high and intermediate concentrations of MIC showed a concentration-related and time-related decrease in pH and Po2 (data not shown). These alterations were further investigated by a series of controlled ventilation experiments described by Fedde et al. (12) .
Gross Pathology
Both rats and guinea pigs receiving intravenous MIC liquid had froth-ifiled tracheas when sacrificed 30 min following injection; the lesion became more severe in animals allowed to live longer. In addition, lungs were characterized by multifocal to confluent red areas. Histologically, these lungs showed deposition of fibrin within the lumina of small vessels (Fig. 6) .
The gross lung lesions observed in the inhalationexposed animals were identical to those observed in animals receiving intravenous injections. The red punctate to confluent areas were observed in both species of the high and intermediate concentration groups sacrificed at 1, 2, and 4 hr following exposure. Histologically, hoWever, no fibrin deposition was observed. The detailed histopathology of these animals is described by Fowler et al (7) .
Discussion
The relationship of ChE inhibition to the cause of death resulting from overexposure to MIC is unclear. Although in vitro experiments demonstrated a concentration-related inhibition of erythrocyte ChE activity, a similar inhibition was not observed in either animals receiving an IV dose of liquid MIC or those exposed by inhalation. Thus, the hypothesis that inhibition of ChE activity was a major contributing factor in the cause of death of MIC exposed animals was no longer considered viable.
Concentration-related qualitative changes in Hb molecules were demonstrated in erythrocytes exposed to MIC in vitro. Alterations ofthe electrophoretic mobility of Hb reflect qualitative changes in the Hb molecule, but need not necessarily be the result of carbamylation of hemoglobin. The electrophoretic mobility of Hb S is known to be altered following treatment with organic isocyanates such as MIC (13) . MIC-treated Hb S specimens show an increase in cathodic migration, with a mobility similar to that of Hb A or Hb F. This alteration is thought to be the result of an increase in net negative charge consistent with a reaction of the organic isocyanate with the beta-chain groups.
No change in Hb electrophoretic mobility could be demonstrated in vivo in either MIC-injected or inhalation-exposed animals. Therefore, the hypothesis that a chemical alteration in the Hb molecule was an important factor causing death of animals exposed to MIC was also no longer considered viable.
A third hypothesis regarding the cause of death resulting from overexposure to MIC was that of intravascular coagulation. Increases in CK, an enzyme found predominantly in cardiac and skeletal muscles, are generally thought to be a sign of myocardial injury. The demonstration of intravascular coagulation in the injected animals suggested that the formation of microthrombi may be responsible for the gross lung lesion. The microthrombi may also have caused damage to the myocardium as reflected in the increases in CK. In order to substantiate these findings, we expected to find histologic evidence of fibrin deposition, an increase in the myocardial isozyme of CK, CK-MB, and a decrease in platelet numbers.
Although increased levels of CK were demonstrated in the inhalation MIC-exposed animals, the increase was not due to an increase in the CK-MB fraction. Thus, the cause of a significant increase in CK appears due to either generalized muscular injury associated with hypoxia or pulmonary changes associated with edema (14, 15) . This finding, coupled with the absence of fibrin deposition in the vessels of the lung, weakens the intravascular coagulation hypothesis. Since a concomitant decrease in platelet numbers was not observed, this hypothesis was no longer considered plausible.
The hematological alterations, i.e., increases in hemoglobin concentration and hematocrit, as well as the reticulocytosis, appear to be the the result of respiratory distress. As the result of inefficient gas exchange, the animal responds by attempting to increase its oxygen carrying capacity through a mobilization of cells from tissue stores giving rise to an increase in hemoglobin and forned elements in the blood. These alterations, however, are apparently insufficient to correct the hypoxemia and associated decrease in pH. The nonspecific increases in enzymes found in animals exposed to high concentrations of MIC appear to be related to this general hypoxemia.
Neutrophilia may be a physiological response to the stress of MIC exposure. However, the activation of the complement cascade in acute pulmonary injury is known to cause a neutrophilia after initial activation (16) . Complement activation, therefore, may play a role in the pathogenesis of MIC-induced alterations (19) .
The pH and blood gas changes observed in both species exposed to high concentrations of MIC indicate the occurrence of respiratory acidosis. These results have been further investigated in the studies by Fedde et al. (11) and Maginniss et al. (17) . These findings also agree with those of Nemery et al. (18) , who exposed rats to similar concentrations of MIC vapor in a static exposure chamber. In addition, these clinical pathology changes correlate well with the histopathologic findings in the lung described by Fowler et al. (7) .
In conclusion, the hypotheses suggesting that either ChE inhibition, carbamylation of hemoglobin or intravascular coagulation are important factors in the cause of MIC-related deaths have not been substantiated in these studies. Instead, short-term exposure of rats and guinea pigs to high concentration of MIC causes morphological changes in the lung that give rise to pH and blood gas changes which increase in severity over time.
